In the chick, production of Shh at the node is both necessary and sufficient for left-sided Nodal expression in the LPM (Levin et al., 1995; Pagá n-Westphal and Tabin, 1998), indicating that the early asymmetries at the node and the subsequent asymmetries in the LPM TGF␤ family, we suggest that this is a negative feedback
loop and that Lefty acts to sequester Car activity, preventing its spread to the contralateral side. Because a TGF␤ family member, Lefty, is involved in establishing L-R asymmetry, our attention was drawn to antagonists of TGF␤ superfamily signaling. A novel chick Cerberus family member was identified by degenerate PCR based on sequences conserved between the Xenopus and mouse Cerberus genes, and a full-length cDNA was isolated. This gene is predicted to encode a 272-amino acid protein with a hydrophobic signal sequence at its amino terminus and a cysteine knot domain close to its carboxyl terminus ( Figure 1A ). Homology between this deduced chicken protein, Xenopus Cerberus, and the five known members of the mouse Cerberus/Dan gene family is restricted mainly to the cysteine knot domain ( Figure 1B ). Across this region, the chick protein is 65% identical to mouse Cer1 and 61% identical to Xenopus Cer. A similar level of identity is shared with the other family members. The spacing of the nine cysteines is also conserved among all of these proteins. However, across the whole protein, the sequences are less than 30% identical to each other, suggesting that the chick gene is a novel member of the Cerberus gene family, and not the homolog of Xcer or of any of the five mouse genes. We have named this gene Caronte (Car) after the mythological boatman who shuttles souls to the underworld, where the dog Cerberus dwells. (Levin et al., 1995) . However, the small medial domain does not appear to be involved in activating downstream asymmetric genes in the LPM . Car expression in the paraxial mesoderm is initiated at stage 6 ϩ ( Figure 1N ) after the onset of the medial domain of Nodal expression ( Figures 1K and 1L) . Slightly after the appearance of Car, Nodal is first detected in the LPM ( Figure 1M ). These results suggest that Car may mediate the Shh-induced activation of Nodal in the LPM, and/or that the medial domain of Nodal expression could act to induce the expression of Car.
Results

Isolation of
Expression Pattern of Car Suggests a Role in L-R Asymmetry
Regulation of Car Expression
To test whether Shh is necessary for Car expression, we made use of a monoclonal antibody that interferes with Shh signaling (Ericson et al., 1996; Pagá n-Westphal and Tabin, 1998). Beads soaked in the antibody and placed on the left side of Hensen's node at stage 4 ϩ /5 Ϫ ( Figure 2D ) dramatically repressed Car expression (67%, n ϭ 15, Figure 2F ). Control antibody applied in the same manner had no effect on Car expression (n ϭ 7, Figure  2E ). To test whether Shh signaling is sufficient to induce Nodal (L). BSA-soaked beads (white arrowheads) had no effect on suppressed the left-sided expression of Car (F).
Nodal expression (K). FGF4-soaked beads (green arrowheads) also (G-I) Effect of Nodal on Car expression. Control cell pellets (white suppressed the expression of Car in the lateral plate mesoderm (N), arrowhead) had no effect on Car expression (H). Cell pellets expresswhile BSA-soaked beads (white arrowheads) had no effect on Car ing Nodal (blue arrowhead) induced Pitx2 (I, inset) but had no effect expression (M). L, left; R, right; hf, head fold; n, node; ps, primitive on Car expression (I).
streak.
Car expression, a bead soaked in Shh protein was placed on the right side of Hensen's node at stage 5 (Figure 2A ), resulting in bilateral exposure to Shh. This results in bilateral Car expression (100%, n ϭ 14, Figure  2C ). Control beads had no effect on Car expression (n ϭ 7, Figure 2B ). Thus, Shh signaling is both necessary and sufficient for Car induction. The medial domain of Nodal is induced by Shh prior to Car expression, suggesting that Nodal could act upstream of Car. To test this, cell pellets expressing Nodal were implanted on the right side of Hensen's node at stage 5 ( Figure 2G ), resulting in bilateral exposure to Nodal. Cell pellets expressing Nodal are able to induce expression of Pitx2 (50%, n ϭ 8, Figure 2I , inset); however, Car was never ectopically induced (100%, n ϭ 18, Figure 2I ). Figure 2N ). Control beads had no effect on Car expression (100%, n ϭ 12, Figure 2M ). Thus, Car is induced by Shh and repressed by Fgf8, and as a result, its expression is limited to the left paraxial mesoderm.
Car Regulates Asymmetric Gene Expression and Morphogenesis
These results suggested that Car could act upstream of the LPM expression of Nodal and its target Pitx2. To test this, we implanted cell pellets expressing Car on the right side of the node at stage 6 ( Figure 3A ). This resulted in ectopic induction of Nodal in the right LPM at stage 9 (67%, n ϭ 15, Figures 3E and 3F ). Cell pellets expressing Car implanted on the left side, where endogenous Car is expressed, had no effect on Nodal expression ( Figure 3G ). Pitx2 expression is induced in the LPM by Nodal, and as expected, following implantation of Car-expressing cell pellets on the right side at stage 6, cells produced two faster migrating species that could represent differentially processed forms of Car or nonspecific degradation products. in response to Car would also affect morphological When supernatant containing Myc-tagged Car was asymmetry, Car-expressing cells were implanted on the mixed with supernatant containing HA-tagged BMP4, right side of Hensen's node, and embryos were allowed immunoprecipitation with an anti-HA antibody specifito develop to heart looping stages. When harvested cally pulled down Myc-tagged Car, as revealed by immuat stage 13, all the hearts had successfully undergone noblotting with an antibody against c-Myc ( Figure 5H ). looping; however, the side to which they looped was Significantly, only the largest Car product interacted randomized (50% left, n ϭ 14, Figures 3B and 3C) .
with BMP4 low salt (no NaCl). All incubations, washes, and manipulations were performed at 4ЊC. Proteins remaining bound to Protein A/G beads described previously (Riddle et al., 1993) . Pellets were implanted between the epiblast and the hypoblast on the right side of the node were eluted in 2ϫ standard protein sample buffer at 65ЊC for 5 min and resolved over 10%-20% gradient polyacrylamide Tris-glycine of stage 5 ϩ /6 embryos in New culture (New, 1955) . RCAS virus vector carrying ckGFP (Ed Laufer, Columbia University) was used in control gels (Novex). Myc-tagged proteins were immunodetected after Western blotting using a monoclonal c-Myc (AB-1) antibody (Calexperiments. To misexpress Nodal, Noggin, and BMP4, we used RCAS-Nodal, RCAS-Noggin, and RCAS-BMP4 viral constructs, as biochem). described previously (Duprez et al., 1996; Levin et al., 1997; Capdevila and Johnson, 1998).
